Abstract-This paper describes the calculation of deforma tion of a fleXible contact sensor. Approximate expressions to calculate the defonnation of a flexible sensor are derived us ing Castigliano's thwrem. Deformation of the fte"ible sensor is calculated in real-time with the use of measured contact forces. Measurement accuracy is confi rmed e"perimentally. The e"perimental results show that the calculated defonnation agrees approximately with the actual defonnation. With the aim of applying this calculated deformation to certain robot tasks, the flexible sensor is attached to a robot hand, and the mechanical impedance parameters of a grasped object are estimated with the use of a Kalman filter. This grasping e"periment demonstrates that these parameters are estimated exactly.
L INTRODUCTION
Many studies regarding object grasping or contacting by a robot hand have been described [1] . In these studies, it is necessary to obtain infonnation regarding contact force and the location of contact on robot fingers [4] , [5] to grasp the object. The information is usually obtained with the use of force sensors or tactile sensors [2] , [3] which is attached on the fingers. Most force sensors or tactile sensors which is developed previously have rigid structures, or the direction of defonnation is fixed. Therefore, the defonnation of these sensors are vanishingly small or can be calculated easily. In addition, a tactile sensor which is composed of several thin films [6] , [71 and a sensor which can bc equipped with a robot fingertip have also been presented [8] , and their defonnations are also so small that they can be neglected. These small deformations facilitate the easy detennination of the relative position of the robors hand in relation to an object.
However, if a grasped object in a robot hand which is equipped with these sensors shifts from an non contact state to a contact state, several control systems have the possibility to become unstable owing to an impact force. Therefore, it is necessary to consider a strategy to reduce impact force. Anal yses of impact forces [9] , [10] or a design method regarding an optimal approach velocity [11] have been presented. Such developmental approaches can become complex when applied to motion planning.
On the other hand, in recent years, a sensor which has a flexible contact part has been developed. Yamada defonnation of a flexible contact part [13] . The contact part of each sensor is composed of silicon rubber, and the part takes the shape of a semi-spherical shell.
If the contact part of the sensor is flexible, the impact force is expected to be absorbed. Therefore, a force feedback control system can easily built, and additionally, it is easy to plan the motion of a robot hand, although it is necessary to calculate the defonnations of a sensor's flexible contact part in real time due to that defonnations cannot be neglected.
In the flexible contact sensors described above, the sensor which is developed by Shinoda is the only sensor which can measure the defonnation of the flexible contact part. However, the contact location between the sensor and an object is restricted although the contact location can be changed accord ing to the task. Therefore, in the present paper, the defonnation ·of a flexible contact part is calculated corresponding to the contactable point. This calculation is applied to the sensor presented by Saito et al. [14] . This sensor can detect a contact location and can measure 4-axis contact forces. The primary goal of this paper is to calculate the deformation of the sensor's contact part with the use of measured contact location and contact force.
Additionally, the calculated deformations of a sensor equipped with a robot hand are applied to estimate the mechanical impedance parameters of a grasped object when the task is continued. This application is necessary to measure the deformation of the sensor with high accuracy in real-time. These parameters are estimated with the use of a Kalman filter. This estimation confirms that calculated deformation can be effectively applied to some tasks in which it is necessary to detennine a sensor's defonnation.
II. THEORETICAL ANALYSIS OF DEFORMATION
A. Sensor structure
In this paper, the deformations of a sensor which has a flexible contact part are calculated. The structure of the flexible contact sensor [14] is shown in Fig.l . This sensor consists of two parts: a contact part and a measurement part. The contact part is an arched beam that is made of silicon rubber. Silicon rubber is an elastic material, so the contact part is easily defonned. On the other hand, the measurement part consists of four measuring beams and a support part. Two of these beams are in a direction parallel to the horizontal axis, and other two 
B. Mathematical model of (he contact pan
An analytical model of the contact part is shown in Fig.2 .
A shape of the contact part is an arc which is formed by a radius of curvature T and angles tPl and tP 2 . In this model, three nodes are set: both ends of the arc and a various point on it. Six-axis forces and deformations are set on each node. Here, force and deformation are denoted by F/ and Xl, respectively, (1=1,2,3), these are shown as follows:
(1)
where a subscript I is a node number. The relationship between force and deformation is derived by Castigliano's theorem. Here, for example, an arc between node I and node 2 is derived.
First, the arc between node I and node 2 is considered. An angle made by this arc is denoted by tPl. Here, An arc between node 2 and node 3 is nonexistent.
It is assumed that no de 2 is fixed. Three-axis moments are set at a variable point B on the are, and these are denoted by .UlBl> l\If2B2, and TBI, respectively. An elastic potential energy of the arc which is denoted by U Bl is shown as follows:
where, EA is Young's modulus and G is the modulus of elasticity in shear which is expressed with the use of Poisson's ratio v which is defied as G = EA (1-v), and It and 12 are the geometrical moment of inertia regarding a direction parallel to S I { WI) and a direction parallel to Q I ( VI ), respectively. Ip is the geometrical polar moment of inertia which is defined as
In (3), each moment is shown .as follows:
From Castigliano's theorem, an objective deformation is derived in which the elastic potential energy is partially differentiated by a force whose direction is the same as the deformation. Here, the defonnation Ul and the force Fl are in the same direction. Therefore, deformation 'UI is derived as follows:
is rewritten as the following expression.
(7)
1'3
The other five-axis deformations are derived by Cas tigliano's theorem as in (7) . After this operation, the rela tionship between six-axis defonnation and force on node 1 is integrated as follows: The six-axis forces acting on node 1 can be substituted six axis forces on node 2 with the use of geometrical relationships, which are expressed as follows: (13) where M t r [ cPl] is the 6x6 matrix which shows the geometrical relationships between node 1 and node 2. From (12) and (13) .
the deformation Xl is also expressed by F2. Therefore, the deformation Xl is expressed by Fl and F2• and is written as follows:
. (1 4) (14) assumes that node 2 is fixed. Here, it is assumed that node 1 is fixed. From this condition, six-axis deformation on node 2 which is denoted by X2 is derived in the same way as described above. In consequence, the deformation X2 is written as follows:
where ]1,1z2 is the 6x6 matrix which shows a relationship between X2 and F2 when the node 1 is fixed.
Finally, a relationship between all directional displacements and forces on the arc between node I and node 2 are written as follows:
The relationship between all directional displacements and forces on the arc from node 2 to node 3 is written the same form as (16), and is as follows:
Here, an angle between node 1 and node 3 is denoted by cPA(rPA = rP1 + rP2); angles cPl and cP2 are shown with the use of an angle rPe which is from Z axis to node 2:
where rP A can be obtained from the design parameters of the contact part so that cPl and cP2 are changed with changing rPe. Here, the angles in (16) and (18) are substituted by (19) and (20), respectively. After this operation, the relationship between deformation and force on the entire contact part, that is, the arc from node I to node 3, is derived as follows: 
C. Defonnations of the contact pan
In above section, a mathematical model of the entire contact part is derived. In the model, a contact location is regarded as node 2. Based on this assumption. the objective of this section is to derive a relationship between the contact force of the sensor and the object which is shown as F2 and deformation
X2.
Both ends of the sensor's contact part are connected to the measurement part. These ends of the contact part are regarded as fixed ends since the measurement part consists of rigid material (aluminum). Therefore, Xl and X3 in (2 I) are set at zero_ The rotational moments M 12 and T2 in F2 are not measured by the sensor [14] , so that deformations ()2 and'l/J2 regarding these moments are excluded_
Here, 4-axis contact forces and deformation is set at follows:
and Me nt[¢e] in (21) is operated as follows due to that described above_ 1) Matrix elements regarding X2 are extracted.
2) Matrix elements regarding F2 are extracted.
3) Matrix elements regarding ()2 and 'l/J2 in X2 and M12
and T2 in F2 are trimmed down.
From these operation, the 4-axis deformations and contact forces are expressed as follows:
where matrix element C i j(1 = 1,2,··· j = 1,2,···) is a function of rPe, so that each element is approximated by a following form:
where gI(I = 1,2,··· ) is a coefficient which takes a constant value. The calculated results of these coefficients are shown in Table 1 . 
Fig. 4. A Schematic Diagram regarding Deformation Calculation
Therefore, if a contact location CPc is decided, the matrix element Gij can be calculated. Deformation is calculated with the use of the calculated Gij and the measured 'contact force.
Ill. EXPERIMENT REGARDING CALCULATION DEFORMATIONS
The characteristics of defonnation calculation are examined experimentally. A schematic diagram of tlie experiment is shown in Fig.4 . In this experiment, actual defonnations are measured by two laser displacement sensors.
The experimental conditions are shown in Table II . Notice that contact location ¢c differs in each condition. It shows that this sensor can calculate four-axis defonnations when a contact location is changed. The experimental results regarding these conditions are shown in Fig.S and Fig.6 , respectively. These experimental results show that D x or Dy increase or decrease with increasing D z. However, the amount of D x or Dy is so slight that it is considered that the defonna tion is calculated accurately. The accuracy of the calculated deformation does not depend on the contact location CPc. In addition, the calculated defonnation increases with increases in the actual deformation. Therefore, this sensor can calculate each directional defonnation on each contact location ¢e, and the defonnations can be calculated in real-time. 
IV. ApPLICATION
In this section, the calculated results of defonnations are applied to a task using of a robot hand. Here, the task is to estimate the mechanical impedance of a grasped object when it is grasped by the robot hand. This application confi nns that the calculated deformation can be effectively applied to tasks in which a sensor's defor mation has to be detennine.
A. Outline of The Experiment
A robot hand equipped with a sensor on the finger's surface grasps the object. The robot hand is a translational gripper. The sensor is installed on one finger and a dummy flexible arch beam which is the same as the contact part of the sensor is installed with the other finger's surface. The hand grasps the stationary object which is on a table. A diagram of the experimental setup is shown in Fig.7 . When the hand moves to grasp the object, four-axis contact force is measured and four-axis deformation is calculated based on the contact force. The mechanical impedance of the object is then estimated in real-time with the use of the Kalman filter.
In this experiment, the robot hand and the object are detached from each other at the starting position. From this position, the robot hand approaches the object. The approach is continued when the sensor detects contact with the object. In this movement, the approaching velocity is set in advance. When the sensor detects contact with the object, the grasping force is controlled with the PI controller based on force feed back. Here, the desired value of the contact force is set to be constant in the same motion, although it can make an arbitrary selection. --------------------------- 
where M, B, and K are the mechanical impedance parameters regarding inertia, viscosity, and stiffness, respectively. In this paper, estimation mechanical impedance means estimation the three mechanical impedance parameters M, B, and K. From this model, the mechanical impedance of the object can be estimated based on the deformation x on the surface of the object. However, it is difficult to measure this deformation x directly. Deformation x is replaced by length of the robot finger's movement Xall and the deformation of the sensor Xsens as follows:
where it is assumed that the position of the object maintains 
In this experiment, parameters Al(k), A 2 {k), and A3(k)
are estimated by the Kalman Filter.
C. Experimental Result
In this experiment, the desired value of the mechanical impedance is set at an estimated value by a load cetl instead of the flexible sensor. This is done because a load cell is a highly reliable and widely used force sensor.
Two kinds of grasped objects which have different impedance characteristics are tested in consideration of various objects. Table III shows the estimated results of the mechanical impedance of grasped objects as detennined by the load cell. These values are detennined when the movement of the estimated result becomes a steady state. Here, it is assumed that the deformation of the load cell is zero.
The experimental results of the estimation of the mechanical impedance regarding two objects are shown in Fig.9 and. "'Z -_: 0.02 Experimental Results Regarding Mecbanical Impedance Estimation (Ceramic Cup) From these results, the tendency of each parameter is approximately same as the results estimated by the load cell.
The estimated parameter regarding stiffness J{ in Fig.9 and it is necessary to determine a sensor's deformation.
